In this work we studied the changes in photosynthetic apparatus on pea pants, exposed to cadmium toxicity in early stages in their development.
Introduction
Cadmium, a divalent cation, is one of the most toxic heavy metals and has no described biological function. Although not essential for plant growth, it is readily taken up by roots, probably in competition with other bivalent ions (7) . Although it has not been clearly established how plants respond to heavy metals, it is well known that cadmium exerts its phytotoxicity by interfering with several basic events of plant growth, development and physiology, such as mineral nutrition (16) ,water balance and gas-exchange (3, 12) , membrane function and alterations in the antioxidant system (14, 13) .
A main effect of this metal, observed in most plant species is inhibition of photosynthesis. This inhibition has been attributed with an indirect action of Cd on plant water balance, stomatal conductance and CO 2 availability (3,15), or to a more direct effect on chloroplast organization, chlorophyll biosynthesis, electron transport and enzymes of photosynthetic carbon metabolism (2, 6) . Studies investigating cadmium toxicity on chloroplast functionality and electron transport have suggested that this heavy metal exhibit its toxic effect by damaging PSII (9, 15) .
In this work photosynthetic oxygen evolution and thermolumenescense characteristics were investigated in isolated thylakoid membranes of pea pants, exposed to cadmium in order to study toxic impact of this heavy metal on structural organization and functional activity of PSII centers and state of water oxidase complex.
Materials and methods
Seeds of pea (Pisum sativum L., cv. Ran) were sterilized and allowed to germinate on moist filter paper in the dark. Threeday-old, dark grown seedlings, were placed in polyethylene pots filled with 0.6 L modified Hoagland solution. The nutrient solution was aerated twice a day, and changed tree times in a week. CdCl 2 was added at a concentration of 25 µM. Plants were grown in a growth chamber at a day/night cycle 16h/8h, at 22/18 0 C, respectively, relative humidity between 50 % and 60 %, and 120 µmol.m -2 s -1 PAR. After 12 days of growth the plants were harvested for analysis. Oxygen flesh yield and initial oxygen burst were measured using a custom-build polarographic oxygen rate electrode as described by (17) . Thylakoid membranes were susupended in a medium without artificial electron acceptor containing: 40 mM HEPES (pH 7.6), 10 mM NaCl, 5 mM . The initial S 0 -S 1 state distribution in the dark was determined by the least square deviations fitting to the theoretically calculated yields according to the madel of (8) with the experimentally obtained oxygen flash yields. TL glow curves of Pisum sativum leaf discs were measured using the apparatus and software described earlier (10) . Luminescence was detected by a Hamamatsu H-5701-50 photomultiplier linked to an amplifier. A 4 × 4 cm Peltier element was used for temperature control. Dark adapted leaf samples were cooled within a few seconds and irradiated via a fiber optic either by far-red radiation by a PAM 102-FR light source for 30 s or by a single turnover flash lamp (XST 103; Walz, Effertrich, Germany) at 1 o C. The leaf sample was gently pressed against the plate by a rubber ring and a Pyrex window, with the addition of 100 µl water for better thermal conduction. The rate of heating during measurements was 0.5 o C s -1 . The TL measurements were repeated several times and representative glow curves are presented in the figures.
Results and Discussion
The oxygen induction curves registered under continuous irradiation of thylakoid membranes from control and treated plants are shown in Fig. 1 . The amplitude of the initial oxygen burst and the area under the curve depend on the number of functionally active PSII centers (18) .
The induction curves exhibit biphasic exponential decay, kinetic parameters (A 1 and A 2 ) are given in Tabl.1. Cd treated plants have shown significant decline in amplitude of oxygen burst, also in ratio between fast and slow components (A 1 /A 2 ). These two components probably correspond to the proportion of functionally active PSIIα and PSIIβ centers. (44) It is well known that PSIIα centers in appressed grana domains form dimmers with large antenna, whereas PSIIβ centers in stroma lamellae have small Chl-antenna size (4).
TABLE1.
Characteristics of photosynthetic oxygen evolution of thylakoid membranes from control and Cd treated Pisum sativum plants. Kinetic Kinetic parameters: A, the initial oxygen burst amplitude; A 1 /A 2 , ratio between the amplitudes of the fast (A 1 ) and the slow (A 2 ) components; Y3, the oxygen yield of the third flash; S 0 , the populations of PSII centers in S0 state in the dark. The oscillation patterns of the oxygen yields induced by a flash sequence are shown in Fig. 2 . Characteristic oscillations with a periodicity of 4 , which are diminished due to the misses (centers not converted), double hits (double step advanced) and reduction of the number of functionally active PSII centers after each flash of a sequence are observed in control plants. In plant exposed to Cd toxicity results reveal a drastic decline of the amplitudes of the flash-induced oxygen yields and loss of characteristic oscillations. It was also observed 60% increase of population of the redox states S 0 , increase of Fig 3A demonstrates that Cd treatment leads to a dramatic decrease of the amplitude and the area of B-band without changes in peak temperature maximum. In the same time the intensity of AG emission remain almost unchanged. A disturbance of typical period-four oscillation of B-band intensity was observed in thilakoid membranes of heavy metal treated plants (Fig. 3B) . The AG/B ratio, estimated from TL glow curve after deconvolution show a increase from the value of 0.3 in control to 0.53 in Cd stressed plants (Fig. 3A) . Similar results for affected water splitting activity in Cd treated rice plants were reported by (11) . Data for modified PSII activity provoked by Cd in pea plants, which is In summary, the experimental results presented in this study suggest that presence of Cd during plant growth caused strong alteration of PSII activity proved with suppressed oxygen-evolution capacity and decrease of functionally active PSIIα centers in grana domains.
